Abstract. Debris flow is the most serious and destructive geological disaster in the mountainous areas of Beijing. Statistical data on some antecedent and triggering rainfall for the occurrence of debris flow were collected, and the correlation between various rainfalls was analyzed in this research. The linear regression equations of rainfalls at different time periods were derived. Based on the statistical data of debris flow and rainfall from 1950 to 2012, the critical rainfall of debris flow in each districts of the mountainous areas in Beijing were computed by analyzing disaster and rainfall frequency, and the critical rainfall values of debris flow in Beijing were calculated and recommended in this research. The research results have important application value for the early warning and forecast of geological disaster in Beijing.
Introduction
Debris flow is a common natural disaster in mountainous areas. Debris flows occur when masses of poorly sorted sediment, agitated and saturated with water, surge down slopes in response to gravitational attraction [1] . Debris flows are widely distributed in the mountainous areas of Beijing, and has been developed in 60 villages and towns in 7 districts and counties. The ancient (Middle Pleistocene) and old (late Pleistocene to Holocene) debris flow deposits are highly developed in the mountainous areas in Beijing, indicating that the ancient and old debris flows acted strongly and imposed great influence on the natural environment at that time. Historically, the debris flows are mainly distributed in the northern and western mountainous areas in Beijing. The debris flow disasters were mainly concentrated in the western mountains of Fangshan and Mentougou in the 1950s. While, the debris flow disasters have been mainly concentrated in the northern mountains of Miyun and Huairou counties since the 1960s.
The debris flow disasters have caused serious damage to people's lives and properties and economic construction in Beijing, and have become one of the main factors restraining the economic development of mountainous areas. According to incomplete statistics, debris flows had occurred 65 times during 248 years from 1765 to 2012, with an occurrence frequency of approximately 26.2%. Debris flows are usually triggered by intense and localized thunderstorms and may constitute a dangerous natural hazard for inhabitants and infrastructures downslope [2] [3] [4] .
Early warning and forecast of geological disasters in Beijing was carried out in 2003, and the forecast was made based on the critical rainfall. This research was carried out to improve the accuracy of early warning and forecast of debris flows in Beijing, and the critical rainfall of debris flow which can reflect regional difference was computed by the limited data of debris flows and rainfall. The linear regression equations were derived by the historical rainfall data. The disaster and rainfall frequency was analyzed based on the statistical data of disasters and rainfall during 1950 to 2012 in Beijing, and the critical rainfall of debris flow were computed by the disaster and rainfall frequency. The critical rainfall in each district and county in the mountainous areas of Beijing was computed and recommended.
Determination of Critical Rainfall Based on Statistical Data
It is generally considered that the occurrence of debris flows is closely related to antecedent and triggering rainfall. Wei et al. [5] analyzed the data of 3 days antecedent rainfall and triggering rainfall of debris flow and put forward the determination model as Y=-0.785X+130.35, where Y is the triggering rainfall, and X is the 3 days antecedent rainfall.
Wen et al. [6] made analysis on statistical rainfall of historical debris flow in the mountainous areas of Beijing, and suggested the rainfall determination model of debris flow. The suggested model was Y=-1.3899X+345, where Y is the triggering rainfall on the day when debris flow occurred, and X is the 3 days antecedent rainfall.
Sufficient antecedent rainfall may result in the saturation of water content in loose materials, and an additional triggering rainfall may lead to the occurrence of debris flow. Therefore, the critical rainfall determination model of debris flow can be established by analyzing the triggering and antecedent rainfall of debris flow in the history. A line can be drawn on the orthogonal coordinate graph corresponding to the minimum triggering and antecedent rainfall for the occurrence of debris flow, and this line is defined as the critical rainfall line. In this research, correlation between various rainfalls is analyzed as follows.
(1) Correlation between 3 days antecedent and triggering rainfall on that day The linear regression equation is y=-0.7243x+242.49, R 2 =0.144. They are negatively correlated, but the correlation is not significant. Based on the statistical data, the triggering rainfall on the day when the debris flow occurred was greater than 81mm, while the 3 days antecedent rainfall ranged from 1.4mm to 174mm. Therefore, it can be considered that the triggering rainfall is the key factor affecting the occurrence of debris flow. The debris flow would be likely to occur if the triggering rainfall was greater than 81mm, regardless of the antecedent rainfall.
(2) Correlation between 5 days antecedent and triggering rainfall on that day The linear regression equation is y=-0.6231x+253.06, R 2 =0.122. They are negatively correlated, but the correlation is not significant. Based on the statistical data, the triggering rainfall on the day when the debris flow occurred was greater than 81mm, while the 5 days antecedent rainfall ranged from 3.9 mm to 184.4 mm.
(3) Correlation between 3 days antecedent and maximum 10 minutes rainfall The linear regression equation is y=0.0012x+19.091, R 2 =0.00004. They are negatively correlated, but the correlation is not significant. Based on the statistical data, the maximum 10 minutes rainfall on the day when the debris flow occurred was greater than 5mm, while the 3 days antecedent rainfall ranged from 1.4 mm to 174 mm.
(4) Correlation between 5 days antecedent and maximum 10 minutes rainfall The linear regression equation is y=0.0284x+17.257, R 2 =0.0277. They are positively correlated, but the correlation is not significant. Based on the statistical data, the maximum 10 minutes rainfall on the day when the debris flow occurred was greater than 5mm, while the 5 days antecedent rainfall ranged from 3.9 mm to 184.4 mm.
(5) Correlation between 3 days antecedent and maximum 1 hour rainfall The linear regression equation is y=-0.1972x+81.437, R 2 =0.0661. They are negatively correlated, but the correlation is not significant. Based on the statistical data, the maximum 1 hour rainfall on the day when the debris flow occurred was greater than 24.3 mm, while the 3 days antecedent rainfall ranged from 1.4 mm to 174 mm.
(6) Correlation between 5 days antecedent and maximum 1 hour rainfall The linear regression equation is y=-0.0725x+76.285, R 2 =0.0119. They are negatively correlated, but the correlation is not significant. Based on the statistical data, the maximum 1 hour rainfall on the day when the debris flow occurred was greater than 24.3 mm, while the 5 days antecedent rainfall ranged from 3.9 mm to 184.4 mm. .807. They are positively correlated, and the correlation is significant. Based on the above analysis on the existing data, it can be preliminarily determined that the maximum 10 minutes , the maximum 1 hour and the triggering rainfall on the day when the debris flow occurred were the main factors affecting the occurrence of disasters, while the antecedent rainfall had little influence on the occurrence of debris flow. Based on the statistical data, correlation between antecedent and triggering rainfall is not significant. Therefore, it is impossible to use the conventional methods to put forward the critical rainfall determination formula for the occurrence of debris flow in Beijing.
Calculation of Critical Rainfall of Debris Flow Based on Disaster and Rainfall Frequency
The critical rainfall thresholds of debris flow were suggested based on statistical data of rainfall and debris flow in Beijing, while the proposed values cannot represent the critical rainfall of different regions in Beijing. Meanwhile, the suggested thresholds only include three kinds of rainfall (maximum 10 minutes, maximum 1 hour and triggering rainfall). Since the debris flow have not been monitored in Beijing, and the data of historical debris flow disasters and rainfall are very limited, so it is urgent to find an effective method capable of reflecting regional differences to support the early warning and forecast of debris flow in Beijing.
Analysis method of disaster and rainfall frequency was suggested by our research team to calculate the critical rainfall of debris flow in Beijing [7] . Rainfall at different time periods could be calculated based on the maximum rainfall contours of Beijing, and this value can be regarded as the critical rainfall threshold. Based on the designed rainfall of different time periods (maximum 10 minutes, maximum 30 minutes, maximum 60 minutes, maximum 360 minutes, maximum 24 hours, and maximum 3 days rainfall), the critical rainfall of debris flow in each districts of Beijing could be computed by the disaster and rainfall frequency analysis method.
The research results of our team [7] have been applied in the geological disaster early-warning and forecast in Beijing. To improve the critical rainfall thresholds, the times series were extend from 2004 to 2012, and the rainfall values were computed in this study. Based on the statistical data of debris flows and rainfall from 1950 to 2012, the critical rainfalls of debris flow in each district of the mountainous areas in Beijing were computed. Considering the significant differences in the activity cycle of debris flows in the northern and western mountainous areas of Beijing, the zoning method suggested by our research is more suitable to the actual situation of Beijing.
According to incomplete statistics, the debris flow had occurred 26 times in the northern mountainous areas of Beijing from 1950 to 2012, with an occurrence frequency of 41%. The debris flow had occurred 40 times in the mountainous areas of Beijing from 1950 to 2012, with an occurrence frequency of 64%. A total of 16 occurrences of debris flows took place in the western mountainous areas, with an occurrence frequency of 25%. The calculated critical rainfall values in this research were listed in Table 1 and Table 2 .
The observation data of the nearby rainfall monitoring stations when historical debris flows occurred were collected in this research. The data includes 25 observed values of 1 hour rainfall, 31 observed values of 24 hours rainfall and 18 observed values of 10 minutes rainfall.
In this study, there are 5 observed values of 1 hour rainfall less than the calculated critical rainfall with the accuracy of 80%, and 1 observed values of 24 hours rainfall and 5 observed values of 10 minutes rainfall less than the calculated critical rainfall with the accuracy of 97% and 72%, separately. Compared with the rainfall values computed in the former study [7] , the times series in this research were extend from 2004 to 2012, and the rainfall values suggested in this study have higher precision.
Based on the above analysis, the calculated critical rainfall values of debris flow were suggested to be used in the early warning and forecast of debris flow in Beijing. The critical rainfall of different time periods (10 minutes, 1 hour, 24 hours, 3 days and 7 days) should be comprehensively considered in the early warning and forecast of debris flow. This research method could be complemented and improved by adding new rainfall and disaster data in the future. 
Conclusions
(1) Based on the analysis on correlation between triggering and antecedent rainfall of historical debris flows in Beijing, the linear regression equations were derived, and the correlation between antecedent and triggering rainfalls is not significant.
The rainfall threshold values of debris flow in Beijing are proposed. The maximum 10 minutes rainfall is greater than 5mm, the maximum 1 hour rainfall is greater than 24mm, and triggering rainfall on that day is greater than 81mm. Based on the analysis on the existing data of rainfall and disasters, it can be preliminarily determined that the antecedent rainfall had little influence on the occurrence of debris flow.
(3) The critical rainfall values of debris flow in each district of Beijing were calculated in this study. Compared with the rainfall values computed in the former study [5] , the times series in this research were extend to 2012, and the rainfall values suggested in this study have higher precision. The accuracy of calculated critical rainfall value in this study could meet the needs of early warning and forecast of debris flow in Beijing, and this method can be complemented and improved by adding new rainfall and disaster data in the future.
